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1. Introduction 


The European Union (EU) from the beginning of 2007 has 
focused its emphasis on developing a new policy that puts energy 
back at the heart of EU action [1]. European energy strategy and 
policy are strongly driven by the twin objectives of sustainability 
(including environmental aspects) and security of supply. Imple- 
mentation of new energy technologies are of big importance for 
satisfying these objectives, such as renewable energy systems at the 
supply side and improved energy end-use efficiency at the demand 
side [1,2]. 

Research into future alternatives has been and still being con- 
ducted to aim at solving the complex problems of this recent time, 
e.g., rising energy requirements of a rapidly and constantly growing 
world population and global environmental pollution. Therefore, 
options for a long-term and environmentally friendly energy sup- 
ply have to be developed leading to the utilization of renewable 
sources (water, sun, wind, biomass, geothermal, hydrogen) and fuel 
cells. Renewables could shield a nation from the negative effect in 
the energy supply, price and related environment concerns [3]. 

Achieving sustainable development is a target that is now 
widely seen as important to worldwide public opinion. In this 
regard, the utilization of renewable energy resources appears to 
be one of the most efficient and effective ways in achieving this 
target [4]. 

Among renewable energy sources, wind energy, which is a free, 
clean and renewable source of energy, which will never run out. 
Hence, electricity generation from the wind is considered econom- 
ical as well as environmentally friendly. The wind energy industry 
is growing at a rapid pace and is set to expand globally as a source of 
cleaner and more sustainable power generation [5]. In other words, 
wind power is the world’s fastest growing electricity generation 
technology. 

In 2009, a total of 38,103 MW of new wind installations was 
recorded, with the total installed global wind power capacity now 
standing at 160GW. This represents an increase in cumulative 
installations of 31%, and a 35% rise in the rate of annual installations. 
This was the fifth year in a row with record installations, albeit a 
slightly lower rate compared with the 42% achieved in 2008. The 
global pattern, however, has shifted significantly, with both the US 
and particularly China seeing very strong growth in 2009. Europe 
maintained a steadier rate, but with 28% of the market it now indi- 
cates alower share of the 2009 global installations than either South 
and East Asia, which had 39% of the overall market, and the Ameri- 
cas, which had 30%. Nonetheless, the European cumulative total is 
still nearly 48% of global capacity [6]. 

In attaining sustainable development, increasing the energy effi- 
ciencies of processes utilizing sustainable energy resources plays 
an important role. There is a link between exergy and sustainable 
development. A sustainable energy system may be regarded as a 
cost-efficient, reliable, and environmentally friendly energy system 
that effectively utilizes local resources and networks [7]. In recent 
years, exergy, which is a means to sustainable development, has 
become a very effective tool in evaluating system effectiveness and 
in designing the system to maximize energy savings [8]. 

Dincer [9] reported the linkages between energy and exergy, 
exergy and the environment, energy and sustainable development, 
and energy policy making and exergy in detail. He provided the 
following key points to highlight the importance of the exergy 
and its essential utilization in numerous ways: (a) it is a primary 
tool in best addressing the impact of energy resource utilization 
on the environment. (b) It is an effective method using the con- 
servation of mass and conservation of energy principles together 
with the second-law of thermodynamics for the design and anal- 
ysis of energy systems. (c) It is a suitable technique for furthering 
the goal of more efficient energy-resource use, for it enables the 


locations, types, and true magnitudes of wastes and losses to be 
determined. (d) It is an efficient technique revealing whether or 
not and by how much it is possible to design more efficient energy 
systems by reducing the inefficiencies in existing systems. (e) It is 
a key component in obtaining a sustainable development. 

Exergy is a measure of the maximum useful work that can be 
done by a system interacting with an environment that is at a con- 
stant pressure Pp and a temperature To. The convertible energy of a 
system is proportional to the difference between an energy source 
and its surroundings. Therefore, energy and exergy do not stand for 
the same meaning [10]. Exergy can also identify better than energy 
the environmental benefits and economics of energy technologies. 
The results suggest that exergy should be utilized by engineers 
and scientists, as well as decision and policy makers, involved in 
green energy and technologies in tandem with other objectives and 
constraints [11]. 

An exergy analysis (or second law analysis) has proven to be 
a powerful tool in the design, simulation and assessment of vari- 
ous energy-related systems. Exergy analysis method is employed 
to detect and to evaluate quantitatively the causes of the thermo- 
dynamic imperfection of the process under consideration. It can, 
therefore, indicate the possibilities of thermodynamic improve- 
ment of the process under consideration, but only an economic 
analysis can decide the expediency of a possible improvement. In 
this [12,13]. 

The exergoeconomic analysis is a method that combines exergy 
analysis with economic analysis. The method provides a technique 
to evaluate the cost of inefficiencies or the costs of individ- 
ual process streams, including intermediate and final products 
[14], as determined for a combined heat and power system 
[15]. Exergoeconomics is currently a powerful tool to study and 
optimize an energy system. The application field is the evalua- 
tion of utility cost as products or supplies of production plants, 
the energy cost between process and operations of an energy 
converter. These costs are applicable in feasibility studies, in 
investment decisions, on comparing alternative techniques and 
operating conditions, in a cost-effective section of equipment dur- 
ing an installation, an exchange or expansion of an energy system 
[16]. 

The present study comprehensively reviews various studies 
conducted on wind energy systems from the exergetic and exer- 
goeconomic points of view. In this regard, the structure of the paper 
is organized as follows: The first section includes the introduction; 
Section 2 deals with the general energetic, exergetic and exergoe- 
conomic relations used in the analysis and assessment of wind 
energy systems, while wind energy-related relations including 
exergetic aspects are given in Section 3; the previously conducted 
studies are reviewed and classified in Section 4; Section 5 covers 
the possible future works to be conducted; and the last section 
concludes. 


2. General energetic, exergetic and exergoeconomic 
relations for wind energy systems 


2.1. Mass balance relations 


A general expression for the conservation of mass of a control 
volume is given by [17] 


dm : : 
Mel Ya- Y ion aa) 
in 


out 


where the left side represents the time rate of change of mass con- 
tained within the control volume, and the subscripts ‘in’ and ‘out’ 
stand for inlet and outlet states, respectively. 
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In steady-state, dmcy/dt=0. Therefore Eq. (1a) reduces to 


Sittin = $ fout (1b) 


out 


2.2. General energetic relations 


The energy balance on a rate basis for a control volume with 
multiple inlets and outlets is written as [17] 


dE, : : : v2 
e = Qcv — Wev 4 Xinin (n+ > +e) . 


in 


2 
-X inou (n+ +a) (2a) 


out out 


where dEcy/dt is the time rate of change of energy, Qcy is the heat 
transfer rate over the boundary of the control volume, Wcy includes 
work effects, such as those associated with rotating shafts, dis- 
placement of the boundary, and electrical effects, h is the specific 
enthalpy, V is the velocity and z is the elevation. 

In steady-state, dEcy/dt=0. Therefore Eq. (2a) reduces to 


v2 
Qcv = Wey = Ñ hout (ns S +42) 


out out 


; v2 
-X riin (n+ 5 +) (2b) 
in 


in 


2.3. General exergetic relations 


Exergy is always evaluated with respect to a reference environ- 
ment (i.e., dead state). When a system is in equilibrium with the 
environment, the state of the system is called the dead state due 
to the fact that the exergy is zero. At the dead state, the condi- 
tions of mechanical, thermal, and chemical equilibrium between 
the system and the environment are satisfied: the pressure, tem- 
perature, and chemical potentials of the system equal those of the 
environment, respectively. In addition, the system has no motion or 
elevation relative to coordinates in the environment. Under these 
conditions, there is neither possibility of a spontaneous change 
within the system or the environment nor an interaction between 
them. The value of exergy is zero. Another type of equilibrium 
between the system and environment can be identified. This is 
a restricted form of equilibrium, where only the conditions of 
mechanical and thermal equilibrium (thermo-mechanical equilib- 
rium) must be satisfied. Such state is called the restricted dead state. 
At the restricted dead state, the fixed quantity of matter under con- 
sideration is imagined to be sealed in an envelope impervious to 
mass flow, at zero velocity and elevation relative to coordinates in 
the environment, and at the temperature Tp and pressure Po taken 
often as 25°C and 1 atm [18]. 

In steady-state, exergy balance equation may be written as fol- 
lows: 


+ > MineXin — ) Mout€Xout — EXdest (3a) 


Expressed in terms of the time rates of exergy transfer and 
destruction, Eq. (3a) takes the form [17] 


0= X Èx = Wey + 5 EXin = 5 Exout = EX¢est (3b) 
j 


where EXin and Exout are exergy transfer rates at inlets and outlets, 
respectively, and EX, is given by Eq. (3c). 

The term Q; represents the heat transfer rate at the location 
on the boundary of the control volume where the instantaneous 
temperature is Tj and the associated exergy transfer rate is given 
by 


Bs (: : z) Ò; (3c) 


As the control volume energy rate balance, Wcy indicates the 
energy transfer rate by work other than flow work. The associated 
exergy transfer rate is given by 


(3d) 


The term W indicates energy transfer rate by work, and the asso- 
ciated exergy transfer is given by W — Po(dV/dt) where dV/dt is the 
time rate of change of system volume. Exgest accounts for exergy 
destruction rate due to irreversibilities within the system and is 
related to entropy generation rate by I = Exgest = ToSgen: 

The general exergy balance can also be written as follows [7]: 


5 Extn -= 5 EXout = 5 ÈXdest (4a) 


ÈXheat zT Èxwork + ÈXmass,in = EXmass,out = EX¢est (4b) 
with 
: T : 

Eea) (1 72) & (4c) 
Èxwork a W (4d) 
ÈXmass,in = 5 Mout Wout (4e) 
Exmass,out = 5 Mout Wout (4f) 
W = ex = (h — ho) — To(s — so) (4g) 


where Q; is the heat transfer rate through the boundary at temper- 
ature Tx at location k and W is the work rate. 

In wind energy systems, determination of the total flow exergy 
of air is very essential and it may be calculated from [19] 


Yor = Goa oral [(7) -110 (7| 


+(1 + 1.6078%)RaTo In (=) 
Po 


Lt RaTo {a + 1.6078) In É + a] 


1+ 1.6078% 
+1.6078%1n (2) } (5a) 
wo 
where the specific humidity ratio is 
@ = ny /Ma (5b) 


or assuming air to be a perfect gas, the specific physical exergy of 
air is calculated by the following relation [20] 


T p 
T (T To — Toln (=)) + RaTo in (=) (5c) 


The flow exergy rates of the air may be calculated using one of 
the following relations: 
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EXa,t =mwWa,t (6) 


Èxa, per = MPa, per (7) 
2.4. Some exergetic parameter 


Thermodynamics analysis of energy-related systems may also 
be performed using the following parameters [18]: 


e Fuel depletion ratio: 


5, — Pxeest, 
Fr 


e Relative irreversibility (exergy destruction): 


ae EXdest, 


p= 
EXdest, 


e Productivity lack: 


EX¢est 
-_= —_— sd (10) 
§j = Pr 


e Fxergetic factor: 
F; 


f= z (11) 


Some other parameters, namely energetic renewability ratio, 
exergetic renewability ratio, energetic reinjection ratio, and exer- 
getic reinjection ratio for geothermal systems have been developed 
by Coskun et al. [21] as follows: 

Energetic renewability ratio is defined as the ratio of useful 
renewable energy obtained from the system to the total energy 
input (all renewable and non-renewable together) to the system 
and given by 


E 
RRen,£ = a (12) 
Er 
Exergetic renewability ratio is defined as the ratio of useful 
renewable exergy obtained from the system to the total exergy 
input (all renewable and non-renewable together) to the system 
and calculated using 
È 
RRen,Ex = ued (13) 
Ext 


2.5. Exergetic improvement potential rate 


Van Gool [22] has also proposed that maximum improvement in 
the exergy efficiency for a process or system is obviously achieved 
when the exergy loss or irreversibility (Ex;, — EXout) is minimized. 
Consequently, he suggested that it is useful to employ the concept 
of an exergetic “improvement potential” when analyzing different 
processes or sectors of the economy. This improvement potential 
in the rate form, denoted IP, is given by 


IP = (1- e)(EXin = EXout) (14) 
2.6. Energy and exergy efficiency relations 


Basically, the energy efficiency of the system can be defined as 
the ratio of total energy output to total energy input 


_ Eoutput (15) 


Einput 


where in most cases “output” refers to “useful” one [7]. 


Exergy efficiency may be defined in various ways, namely uni- 
versal exergy efficiency (ey) and functional exergy efficiency (ef), 
as given below, respectively [7]: 
oe Exout (16) 

EXin 
where “out” refers to total exergy output and “in” refers to total 
exergy input. 


exergetic product P 
~ exergeticfuel ~ F 


(17) 


2.7. General exergoeconomic relations 


In recent years, various exergy-based economic analysis 
methodologies (e.g., exergoeconomics, thermoeconomics, second- 
law costing) have been applied by many investigators to numerous 
energy systems (e.g., [23-27]). As far as exergoeconomic assess- 
ments of wind energy systems are concerned, up to date there are 
very limited studies, which have been reported in the open litera- 
ture. One of these studies included exergy, cost, energy and mass 
(EXCEM) method. 

This EXCEM method proposed by Rosen and Scott [28] could 
be useful to investigators in engineering and other disciplines. The 
methodology provides a comprehensive assessment by accounting 
for the EXCEM quantities, as explained below [28,29]. 

The energy loss rate for a system is denoted as (loss rate based 
on energy), as given below: 


Len = waste energy output rate (18) 
The loss rate based on exergy, Lex, is defined as; 
Lex = exergy consumption rate + waste exergy output rate (19) 


The capital cost (K) is simply that part of the cost generation 
attributable to the cost of equipment. The principal reason that 
capital costs are used here is that the use of the cost generation 
term increases significantly the complexity of the analysis, since 
numerous other economic details (interest rates, component life- 
times, salvage values, etc.) must be fully known. There are two main 
justifications for this simplification: 


e Capital costs are often the most significant component of the 
total cost generation. Hence, the consideration of only capital 
costs closely approximates the results when cost generation is 
considered. 

e Cost generation components other than capital costs often are 
proportional to capital costs. Hence, the trends identified in the 
present work will likely be in qualitative agreement with those 
identified when the entire cost generation term is considered. 


For athermal system operating normally in a continuous steady- 
state steady-flow process mode, the energy and exergy loss rates 
can be obtained through the following equations: 


ben = XÈ- 5 È (20) 


inputs products 

and 

iex= 5 Ex — X Èx (21) 
inputs products 


where the summations are over all input streams and all product 
output streams. 
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Another parameter, R is defined as the ratio of thermodynamic 
loss rate L to capital cost K as follows: 


R=— 22 
K (22) 
The value of R generally depends on whether it is based on 
energy loss rate (in which case it is denoted Ren), or exergy loss 
rate (Rex), as follows: 


. L 

Ren = = (23) 
and 

. L 

Rx = ra (24) 


Values of the parameter R based on energy loss rate, and on total, 
internal and external exergy loss rates are considered. In investi- 
gating sets of R-values, maximum (Rmax), Minimum (Rmin), Mean 
(Rm), Standard deviation (SD(R)) and coefficient of variation (CV(R)), 
which is the ratio of standard deviation to mean, are considered. 


3. Wind energy-related relations including exergetic 
aspects 


In the design and performance assessment of wind energy sys- 
tems, the relations given in Section 2 may be used to write mass, 
energy, exergy and exergoeconomic balance relations. In addition, 
the following ones may be applied to wind energy systems consid- 
ered. 


3.1. Energetic relations 


Wind energy E is the kinetic energy of a flow of air of mass m at 
a speed V. The mass m is difficult to measure and can be expressed 
in terms of volume V through its density o=m/V. The volume can 
be expressed as V=AL where A is the cross-sectional area perpen- 
dicular to the flow and Lis the horizontal distance. Physically, L= Vt 
and wind energy can be expressed as [30] 


E= 5 AtV3 (25) 


The energy efficiency of a wind turbine is usually characterized 
by its power coefficient, as given below, with a maximum value of 
Cp as 0.5926 according to the Betz criterion [31]. 


C = Wat (26a) 
Nmech alternator Wa 

with 

Wact = VitICos y (26b) 

and 

Wa = 0.5p7R2V;3 (26c) 


where Wact is the actual power (active power at generator output) 
and W, is the actual power calculated by Eq. (26c), while due to 
some electrical and mechanical equipment losses the correspond- 
ing efficiencies are included. 

Any measured wind velocity value can be estimated for different 
height by using the following Hellmann equation [31]: 
H | H 


ee 27 
Href ( ) 


V; = Vief | 


where Vier is the wind velocity at a reference height and m is the 
Hellmann coefficient. 


© 


<<. 
State 1 
Vi, Tat, Pat, Pvi, Mi 


State 2 
Vo, Tat, Pat, Pv2, me 


— 


<—_. 


Fig. 1. Wind turbine and representative wind energy input and output variables 
(modified from Ref. [34]). 


3.2. Exergetic relations 


The exergy of fluid currents is entirely due to the kinetic energy 
of the fluid. The maximum work is extracted from a moving fluid 
when the velocity is brought to zero relative to the reference state. 
The kinetic energy of the fluid and its exergy (availability) have the 
same numerical value [32]. 


1 
y= 50V3 (28) 
where p is the density of the wind and V is the wind speed. 
Exergy analysis includes the flow irreversibilities associated 
with the system. The exergy balance equation in the rate form can 
be expressed as 


Exy = Wout + Ex + EXdest (29) 


where Exqest represents the exergy destruction rate associated with 
the process. It is a representative measure of the irreversibilities 
involved with the process. This methodology offers a useful alterna- 
tive measure of turbine efficiency that includes the irreversibilities, 
which were not included in the first law analysis. The exergy rate 
of flow, Exgow, can be defined as the maximum attainable work 
acquired as the air flows through the turbine. The relevant terms 
include physical and kinetic exergy [33] 


EXpow = Expy + Exxe (30) 


The retardation of wind passing through a windmill occurs in 
two stages, before and after its passage through the windmill rotor 
[30]. Provided that a mass m is air passing through the rotor per unit 
time (or mass flow rate of air, m), the rate of momentum change is 
m(V, — V2), which is equal to the resulting thrust. Here, V; and V2 
represent upwind and downwind speeds at a considerable distance 
from the rotor, as shown in Fig. 1 [34]. So, the physical and total 
exergy for wind energy can be expressed as follows, respectively 
[30]: 


: i T2 P2 Q 
Expy = C (T2 — Ty) + Tat [c In (Z ) Rin (z ) aos] (31) 


EXflow, total = Egenerated alr mC,(T2 — T1) + mTat 
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es (32) 


T2 P2 
. [coin (7?) se (5) mTat 
with 


Quoss = MCp(Tat — Taverage ) (33) 


where the first term on the right side of this equation is the gener- 
ated electricity, while the second and third parts are enthalpy and 
entropy contributions, respectively. Here, m is the mass flow of air, 
Tı is the wind chill temperature at the input to the wind turbine, 
Tə is the wind chill temperature at the exit of the wind turbine, Tat 
is the atmospheric temperature, Pz is the pressure at the exit of the 
wind turbine for a wind speed V> and P4 is the pressure at the inlet 
of the wind turbine for a wind speed V1, Qioss represents heat losses 
of wind turbine and Taverage is the mean value of input and output. 
The present wind-chill expression is given by 


Twindch = 35-74 + 0.6215T,;, — 35.75(V°!®) + 0.4274T,i-(V9 !®)(34) 


where the wind chill temperature Twinach is in °F and wind speed V 
is in mph [30]. 

The kinetic component of the flow exergy is equivalent to the 
difference of kinetic energy through the turbine. The change in 
kinetic energy can also be expressed by the work output of the 
turbine, as indicated in Eq. (32) [33]. 


3.3. Energy and exergy efficiency relations 


The expressions for energy (7) and exergy (£) efficiencies for 
the principal types of processes considered in the present study 
are based on the following definitions [30,35]: 


energy in products 

= : (35) 
total energy input 

_ exergy in products (36) 
total exergy input 


where exergy efficiencies can often be written as a function of the 
corresponding energy efficiencies. Note that the exergy efficiency 
frequently gives a finer understanding of performance than the 
energy efficiency. The exergy efficiency weights energy flows by 
accounting for each in terms of usefulness. The exergy efficiency 
stresses that both external losses and internal irreversibilities need 
to be dealt with to improve efficiency. In many cases, the internal 
irreversibilities are more significant and more difficult to deal with 
than external losses. 

Work production: Electric work production processes produce 
shaft work W and the efficiencies for shaft work production from 
electricity through wind energy system are 


W 

Ne,m = We (37) 
W 
E - W (38) 


Ee,m = EW: = Wa = Ne,m 


Electricity generation: The efficiencies for electricity generation 
through wind energy system are 


We 
Nef = mH; (39) 
Eaa 40 
Eef = mH Ne,f (40) 


Therefore, the exergy efficiencies for electricity generation pro- 
cess can be taken as equivalent to the corresponding energy 
efficiencies. 

Kinetic energy production: The efficiencies for the fossil fuel- 
driven and wind-driven kinetic energy production processes, 


which produces a change in kinetic energy Ake in a stream of 
matter ms, are as follows [30,35]: 


ms Ake 

NKN,f = mh 5 (41) 
ms Akes 

= = 42 

EKN, f mbH NKN,f (42) 


The exergetic efficiency of a turbine is defined as a measure of 
how well the stream exergy of the fluid is converted into inverter 
work output. Applying this to the wind turbine, the following 
exergy efficiency relation may be obtained [31]. 


We We 


e= WM Ex -Ex 


(43) 

Xydis et al. [36] proposed the following exergy efficiency rela- 
tion in % for evaluating the performance of wind farms, including 
the topographic & wake Losses, electrical losses, wind turbine tech- 
nical availability losses, and air density losses 


AEPnet 


and the capacity factor (CF), excluding the topographic and wake 
losses, electrical losses, wind turbine technical availability losses, 
and air density losses 


AEPgross 


CFwr = 8760P inst 


100 (45) 
where AEPnet and AEPgross are the net and gross energies produced 
(Annual Energy Production) in MWh, respectively, while 8760h 
are the total hours within a year and Pi, is the installed capac- 
ity of the wind farm in MW. In this context, it is also reported that 
the concept of “exergetic capacity factor” could indicate better the 
meaning of the real capacity factor of each wind farm in the means 
of identification of the actual use of energy. 

Wind turbine’s energy and exergy efficiency values may be also 
calculated using the following relations, respectively [37]: 


n Pe Pout Pout (46) 
© Peu  (1/2)nV2 — (1/2)pAV3 
EWT = Ee We(Wh) Wetec( Wh) (47) 


Exn  Pwina8760h  8760(1/2)pAV3 


It is also reported as follows [37]: It is well known that a wind 
turbine cannot exploit the complete power of wind. Energy effi- 
ciency of a wind turbine is affected by three efficiency factors 
explained below: 


e Power coefficient (Cp): According to the Betz law, a wind turbine 
can exploit up to 59.3% (16/27) of wind energy. 

e Electric generator efficiency (ng): This can approach to 90-95% 
or even more for inductive generators connected to the electric 
network. 

e Wind turbine’s sub-systems efficiency (np): Frictions between the 
rotor turning part and the rolling bearings occur and lead to the 
heat production, which the cooling liquid absorbs from the gear- 
ing box, the generator and the other elements. Exergy losses also 
appear also in electronic devices, which contribute in the smooth 
wind turbine’s start and operation, and consume 1-2% of the 
energy. 7p can totally approach to 95% for modern, technolog- 
ically developed wind turbines. 


Finally, in the exergy output of a wind turbine or a wind park, 
the availability factor, which refers to the right installation, main- 
tenance and operation of the facility, should be included. A well 
organized wind park can reach 95-98%, while the output efficiency 
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decreases, for cases of insufficient maintenance, up to the 60-70% 
[37]. 


3.4. Exergoeconomic relations 


The EXCEM model for wind energy systems may be modeled as 
follows. Using Eqs. (20) and (26a-c), the energy loss rate may be 
obtained from the following relation [31]: 


Len = Nm Nalternator Wa = Wact (48) 


Using Eq. (21), the exergy loss rate may be written as follows 
[31]: 


Lex = Wa = We (49) 
with 
Wau = Exy = Exo (50) 


where W, is the useful work rate and We is the work rate (power) 
at inverter output, while the flow exergy rates (Ex;, EX2) may be 
calculated using Eq. (6a) or Eq. (6b) based upon the assumptions 
made. 


4. Reviewing and classifying the previously conducted 
studies on exergetic and exergoeconomic analysis and 
assessment of wind energy systems 


4.1. Exergetic analysis and assessment 


4.1.1. Wind energy systems 

Koroneos et al. [38] presented two diagrams where utilization of 
the wind’s potential in relation to the wind speed and exergy losses 
in the different components of a wind turbine (i.e., rotor, gear- 
box and generator) were included. They concluded that “according 
to Betz’s law, wind turbine can take advantage of up to 60% of 
the power of the wind. Nevertheless, in practice, their efficiency 
is about 40% for quite high wind speeds. The rest of the energy 
density of the wind not obtainable is exergy loss. This exergy loss 
appears mainly as heat. It is attributed to the friction between the 
rotor shaft and the bearings, the heat that the cooling fluid abducts 
from the gearbox, the heat that the cooling fluid of the generator 
abducts from it and the thyristors, which assist in smooth start- 
ing of the turbine and which lose 1-2% of the energy that passes 
through them.” 

As for the studies conducted on exergetic assessment of wind 
energy systems, Sahin et al. [34] developed a new exergy formula- 
tion for wind energy, which was more realistic and also accounted 
for the thermodynamic quantities enthalpy and entropy. This was 
the first attempt in deriving the relations for the exergetic assess- 
ment of wind energy systems. Sahin et al. [34] presented mean 
energy and exergy efficiencies as a function of wind speed, as shown 
in Fig. 2 [34]. This figure emphasized the differences between the 
efficiencies, and indicated the over-estimation provided by energy 
efficiencies. The relative differences between energy efficiency and 
exergy efficiency, where exergy efficiency was taken as the base 
value, were given in the same figure. It is obvious from this figure 
that the relative difference was lowest at a wind speed of about 
7 m/s and increased at lower and higher wind speeds. These rela- 
tive differences implied that the exergy efficiency approach should 
be applied to wind energy systems for better understanding. It was 
also determined that the average differences between energy and 
exergy efficiencies were approximately 40% at low wind speeds and 
up to approximately 55% at high wind speeds. 

Ozgener and Ozgener [39] performed exergy analysis of a wind 
turbine system (1.5 kW) located in Solar Energy Institute of Ege 
University (latitude 38.24 N, longitude 27.50 E), Izmir, Turkey. They 
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Fig. 2. Mean exergy and energy efficiencies, and percent differences between these 
values as a function of wind speed [34]. 


investigated the variation of exergy efficiency values of the wind 
turbine system (three-bladed 3-m diameter horizontal axis) with 
various blowing air temperatures varying between 0 and 20°C 
(with an increment of 5°C), as shown in Fig. 3 [39]. It is seen from 
the figure that exergy efficiency value changed between 0 and 89%, 
while it was maximum at 12 m/s with a temperature of 20°C. This 
figure also indicated the effect of blowing air temperatures on the 
exergy efficiencies. As the blowing air temperature increased about 
20°C, the exergy efficiency increased from 24.82 to 89.55%. It was 
also reported that exergy efficiency varied between 0 and 48.7% at 
different wind speeds based on a dead state temperature of 25°C 
and atmospheric pressure of 101.325 kPa, considering pressure dif- 
ferences between state points. 

Ahmadi and Ehyaei [40] investigated the exergy analysis by 
considering the physical, chemical and kinetic exergies through 
a wind turbine. After the modeling of entropy production, the 
Bergey Excel-S wind turbine was optimized in two cities of Iran. 
Fig. 5 [36] illustrates variation of the average produced power 
and entropy generation rate by the Bergey Excel-S wind turbine 
with rated speed based on the annual average input wind data at 
Manjil. Assuming that the design conditions such as wind data, 
temperature and pressure are kept constant, the entropy gener- 
ation rate is a function of cut-in, furling and rated wind turbine 
speeds and average produced power. Regarding Fig. 4 [40] and the 
functional property, the optimum value of cut-in, rated and furling 
wind turbine speeds would be 3.4, 14.8 and 16.72 m/s, respectively. 
By selecting the above quantity for the specification of a Bergey 
Excel-S wind turbine, the annual average produced power would 
increase by about 9.7%, and the average entropy generation rate 
would decrease by 0.7% in comparison to the Bergey Excel-S wind 


Exergy efficiency (-) 


0 2 4 6 8 10 12 14 


Fig. 3. Exergy efficiency of the wind turbine system, three-bladed 3 m diameter 
horizontal axis, according to different temperatures of blowing air (dead state con- 
ditions: 25°C and 101.325 kPa) [39]. 
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Fig. 4. Variation of the average produced power and entropy generation rate by the 
Bergey Excel-S wind turbine with rated speed based on the annual average input 
wind data at Manjil [40]. 


turbine in the previous state. The results also indicated that, on the 
base of the annual average wind data, if the wind turbine would be 
installed in Tehran, by varying the cut in, rated and furling speeds 
from 3.1, 13.8 and 15.6 to 2.53, 11 and 12.43 (m/s), respectively, the 
annual average produced power could increase by about 20%, while 
the entropy generation could decrease about 76.9%. The following 
concluding remarks have also been reported: (i) the input wind data 
affect the optimum characteristics of a wind turbine, so the annual 
average wind data should be considered to optimize it in the max- 
imum power produced through the year, (ii) the maximum point 
of the annual average power produced by a wind turbine coincides 
with the minimum entropy generation rate, and (iii) the city with 
greater annual average wind speed (Manjil), has greater optimum 
value of cut-in, rated and furling speeds in comparison to the city 
which has a lower annual average wind speed (Tehran), and (iv) 
the optimum approach is more effective in the city with low yearly 
speed wind (Tehran). 

Xydis et al. [36] investigated the wind potential of Central Pelo- 
ponnese in Greece and utilized exergy analysis method as a wind 
farm sitting selection tool. They also studied the wind speed of 
the chosen regions of Central Peloponnese and correlated based 
on the measurements of three specific sites in the wider area using 
a software based prognostic model enabling intercomparisons of 
crosspredictions among these sites. The exergy analysis method 
implemented in this innovative wind speed forecasting model was 
used to identify the actual use of energy from the existing avail- 
able energy and to evaluate the proposed sites appropriate for wind 
farm development ending up to an accurate wind map of the area. 
In this regard, it concluded that the exergy analysis could be used 
to measure and evaluate interconnected wind farms considering 
their various losses (topographic and wake losses, electrical losses, 
wind turbine technical availability losses, and air density losses), 
while it would be a very useful tool to reveal the maximum use- 
ful work that can be derived from a wind farm. Fig. 5 illustrates a 
variation of exergetic capacity factor and capacity factor at the 10 
proposed wind turbine sites in the Central Peloponnese, Greece, 
which were obtained using Eqs. (44) and (45), respectively. The 
losses of these sites ranged from 14.99 to 35.09%, while their per- 
centage breakdown was as follows: topographic and wake losses: 
0.60-7.27, electrical losses: 6-15.3, wind turbine technical avail- 
ability losses: 3, and air density losses: 5.49-16.79. The AEP values 
varied between 12.082 and 18.111 GWh with wind velocities rang- 
ing from 5.59 to 7.98 m/s. It is obvious from this figure that the 
sites with lower capacity factor (i.e., sites 8, 9) had higher exergy 
efficiency values. 

Pope et al. [33] performed an energy and exergy analysis of four 
different wind power systems, including both horizontal and verti- 
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Fig.5. Variation of capacity factors and exergetic capacity factors at the 10 proposed 
wind turbine sites in the Central Peloponnese, Greece [36]. 


cal axis wind turbines. They encompassed significant variability in 
turbine designs and operating parameters through the selection of 
systems. In particular, two airfoils (NACA 63(2)-215 and FX 63-137) 
commonly used in horizontal axis wind turbines were compared 
with two vertical axis wind turbines (VAWTs). A Savonius design 
and Zephyr VAWT benefit from operational attributes in wind con- 
ditions that are unsuitable for airfoil type designs. Each system was 
also analyzed using energy and exergy analysis methods. The aero- 
dynamic performance of each system was numerically analyzed 
by computational fluid dynamics software, FLUENT. A difference in 
energy and exergy efficiencies of between 50 and 53% was predicted 
for the airfoil systems, whereas 44-55% differences are predicted 
for the VAWT systems. Pope et al. also illustrated the results of 
exergy analysis of the Benz limit in Fig. 6 [33]. They reported that the 
theoretical maximum energy efficiency is obtained with the Benz 
limit. With the first law, the Benz limit is a constant value indepen- 
dent of operating conditions. However, combining the Benz limit 
theory with second law analysis provides a theoretical maximum 
efficiency that includes the effect of irreversibilities, resulting in a 
dependence on design and operating conditions. Defining it here as 
0.59(Woutt)/EXpow the second law Benz limit with both methods of 
obtaining Exgoy (i.e., €g and €2,p) is presented. Significant variabil- 
ity between the VAWTs and the airfoils is predicted by £g from 29 to 
59%, while the range of €2. is only 28-32%. Table 1 summarizes the 
energy (first law) and exergy (second law) efficiencies, predicted 
for the reference operating conditions. 

Baskut et al. [41] reported exergy efficiency results of the wind 
turbine power plants. They investigated effects of meteorological 
variables, such as air density, pressure difference between state 
points, humidity, and ambient temperature, on exergy efficiency, 
while the results obtained during the month of November 2007 
till September 2008 were given and discussed. Some key param- 
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Fig. 6. Energy and exergy efficiencies based on Benz efficiencies [33]. 
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Table 1 
Various predicted energy (7) and exergy (£) efficiency values according to various 
types of wind turbines in % [33]. 


2819 


Table 2 
A comparison between efficient and not functional wind parks in terms of exergy 
losses (Input: wind energy) (adapted from [37]). 


Type n E E2 EB E2,B NKE EKE NKE,2 


NACA 63(2)-215 airfoil 44 21. 22 29 30 39 19 20 
FX 63-137 airfoil 47 23 22 30 28 59 29 27 


iv 


050.0098 Kg ater vapor Bary air 


Savonius VAWT 18 17 10 55 32 94 87 51 
Zephyr VAWT 11 10 6 59 32 93 93 59 
0.7 

06 =e V=4 m/s 

o -8 V=7 m/s 

g 05 = V=10 m/s 

$ 04 = —V=13 m/s 

E o3 T,=293.15 K 

Bè P =101.325 kPa 

3 

* 

| 


0.001 0.0015 0.003 0.0045 0.006 0.0075 0.009 0.0105 0.012 0.0135 0.0150 
Specific humidity (kg water vapor/kg dry air) 


Fig. 7. Variation of exergy efficiency with specific humidity at different wind speeds 
[41]. 


eters were also given monthly for the three turbines, which had 
average wind speeds of 6.1-9m/s, monthly operation hours of 
471-698 h and monthly energy production values of 76, 502-181, 
894. Exergy efficiency values varied between 23 and 27%, while 
temperatures changed from 268.15 to 308.15 K with air densities 
of 1.368-1.146 kg/m3. A variation of exergy efficiency with specific 
humidity at different wind speeds is indicated in Fig. 7 [41], where 
specific humidity values are taken from the psychrometric chart for 
P=1 atm. It is seen from this figure that exergy efficiency decreases 
with increasing the specific humidity values, as expected. In the 
same specific humidity, as the wind velocities increase, exergy effi- 
ciencies decrease. The following main conclusions have also been 
reported: (i) as both the pressure difference between the inlet and 
outlet of the turbine and humidity increase, the exergy efficiency 
decreases, and (ii) exergy analysis indicates that the meteorological 
variables should be taken into consideration at the planning stage 
of wind turbine power plans. 


4.1.2. Wind powered systems 

Romero-Terneroa et al. [42] quantified the exergy efficiency of 
a wind-powered seawater reverse osmosis system (WPRO) using 
exergy analysis method. Their exergetic efficiency relation was 
based on Eq. (17), namely a ratio of exergetic product to exergetic 
fuel. Fig. 8 [42] illustrates a flow chart of the whole system. As seen 
from this figure, inlet wind exergy flow, W, is the wind power (WP) 
exergetic fuel and the power generated by the wind turbines is the 
WP exergetic product. This power and the seawater exergy flow, 


INLET WIND 


SEAWATER WPRO 


SYSTEM 
D,Z 


OUTLET WIND 


(a) 


Description of output Output values in % according to 


type of wind park 


Efficient Not functional 
Betz law losses 40.7 40.7 
Electrical generator losses 5-10 5-10 
Subsystem losses 5 5 
Availability losses 1-5 25-30 
Electrical energy 45-50 25-30 


SW, constitute the RO fuel. Then, the inlet exergy flows of wind 
(W) and seawater (SW) are the WPRO fuel. The fresh water exergy 
flow, P, is the product of both the RO and WPRO systems. Finally, 
brine B and outlet wind W’ exergy flows are losses. An exergy effi- 
ciency value of about 29% was obtained for the WP system with an 
inlet wind power of 1983 kW and a generated power of 566 kW. In 
terms of exergy destruction, the WPRO rate was 1483 kW, 70% of 
which was due to the WP system (1032 kW), while the remaining 
30% (451 kW) was destroyed in the RO system. 

Koroneos and Katopodi [37], as a second objective of their study, 
investigated and analyzed thermodynamically, the efficiency along 
the hydrogen and electricity production cycle, starting from the 
kinetic energy of the wind. They also mapped and the hydrogen and 
electricity production cycle mathematically calculated the change 
of exergy due to losses at different points using the data of Greece, 
specifically the island of Crete. It was concluded that there was a 
two fold change in exergetic efficiency along both paths. Table 2 
compares the exergy losses between an efficient and an uneffi- 
cient wind park. It is clear from this tablet that there is an excellent 
exploitation of wind energy for an organized park that operates 
efficiently and effectively. It is also reported that the availability 
factor is the most important one that defines the output of a wind 
park. However, the correspondent technology used also plays a big 
role (i.e., pitch or stall control and synchronous or asynchronous 
generator). 


4.1.3. Developing wind exergy maps 

As far as developing wind exergy maps is concerned, only one 
study has been done up to date in the open literature to the best of 
the authors’ knowledge. In this context, Sahin et al. [30] introduced 
a new concept in the area of wind energy through new spatio- 
temporal exergy maps and studied both energetic and exergetic 
aspects of wind energy in more detail. They also presented energy 
and exergy efficiencies in the form of geostatistical maps for 21 cli- 
matic stations in the province of Ontario, Canada over a period of 
four months. Exergy maps provided a new and original approach 
as well as more meaningful and useful information than energy 
analysis regarding the efficiency, losses and performance for wind 
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Fig. 8. (a) Flow chart of fresh water generated from seawater and wind with a null annual mean energy backup from the grid. The WPRO system is characterized by D, exergy 
destruction, and Z, investment, O&M (operational and maintenance) and replacement costs; (b) WP and RO subsystems [42]. 
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Fig. 9. (a) October energy efficiency map for Ontario [30]. (b) October exergy efficiency map for Ontario [30]. 


turbines. Energy and exergy efficiencies were estimated using mea- 
sured generated power data. Cut-in and cut-out wind speed values 
were 3.5 and 21 m/s, respectively. It was seen that capacity fac- 
tors of the wind turbine system considered were very high even 
if without considering enthalpy values. The capacity factor was 
approximately 45% for wind speeds of 8-11 m/s. Maps of estimated 
efficiencies for 21 stations in Ontario were subsequently devel- 
oped. In their comprehensive study, 30-year average wind speed, 
temperature and pressure data were utilized. Wind speed values 
were interpolated from 10 to 30m. Output electricity power data 
for a 100 kW wind turbine, which was more convenient for rural 


area renewable energy application, with a rotor diameter at 18m 
and hub height 30m, were given. January, April, July and October 
geostatistical spatio-temporal maps were developed and discussed. 
Fig. 9a and b [30] indicate energy and exergy efficiency maps for 
Ontario in the month of October. These maps were intended to 
indicate the differences between energy and exergy efficiencies 
of a specific wind turbine system at the same conditions through 
exergy analysis. Energy efficiencies were grouped into two main 
clusters. Topographical conditions cause some localized effects at 
these stations in October (Fig. 9a). Exergy efficiencies were lower 
than energy efficiencies during this month. It was seen that one of 
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the highest energy efficiency areas, which was observed in west- 
ern Ontario, was less significant based on exergy (Fig. 9b). Without 
summer topographical heating, the relative differences between 
these efficiencies were low during October in most parts of Ontario. 
But wind chill became more appreciable during this month. The 
results indicated that aerial differences between energy and exergy 
efficiencies were approximately to 20-24% at low wind speeds and 
approximately to 10-15% at high wind speeds. 

Based on reviewing the previously conducted studies on exer- 
getic analysis and assessment of wind energy-related systems, 
Table 3 is prepared by the authors. As can be seen from this table, 
almost in the last five years, the new modeling and assessment 
studies have been conducted by limited investigators, while wind 
exergy maps have not been developed by other investigators for 
various countries yet [30,33,34,36-42]. 


4.2. Exergoeconomic analysis and assessment 


Romero-Terneroa et al. also [42] quantified the exergoeconomic 
cost of a WPRO system indicated in Fig. 8. Exergoeconomic cost of 
the product was defined as a sum of exergoeconomic cost of fuel 
and fixed costs. Unit exergoeconomic costs of the product (ce€/MJ) 
for WP, RO and WPRO were reported to be 1.21, 13.1 and 13.1, 
respectively. The ratio of discounted rate of fixed costs (2.65 c€/s) 
to the exergy rate of the product (202 kW) yielded the unit exer- 
goeconomic cost of the product: 13.1 cé/MJ. 

It was concluded that wind power was cost-effective up to an 
amount slightly less than 1.22 ce/MJ (4.4 c€/kWh). 

Acomprehensive exergoeconomic analysis of a 1.5 kW wind tur- 
bine system through EXCEM was performed by Ozgener et al. [31]. 
The relations between capital costs and thermodynamic losses for 
the system components were investigated. The results indicated 
that while the ratio of energy loss rate to capital cost (Ren) var- 
ied between 0.007 and 0.813 at different wind speeds, the ratio of 
exergy loss rate to capital cost (Rex ) changed from 0.006 to 0.411. In 
addition, the maximum Ren and Rex values were obtained at a wind 
speed of 12 m/s. Furthermore, a parametric study was conducted 
to investigate how varying wind speed would affect the exergoe- 
conomic parameters of the wind turbine system and to develop a 
correlation between the ratio of thermodynamic loss rate to cap- 
ital cost and wind speed for practical applications of wind energy 
systems. It was also reported that for any technology, it appears 
that the design of a device may be made more successful if it is 
modified, so that its value of Rex approaches appropriate Rex. A 
balance is obtained between exergy loss and capital cost in real 
systems. If successful technologies conform to an appropriate Rex, 
then it follows that technologies which fail in the marketplace may 
do so because they deviate too far from the appropriate Rex. Thus 
research and development should perhaps strive to identify devices 
for which the difference between the values of Rex is large, and 
develop ways to narrow the difference [25]. 


5. Possible future exergy-based investigations to be 
conducted 


The following indices and methods, which have not been yet 
applied to wind energy systems to the best of the author’s knowl- 
edge, are recommended for future studies on exergy-based wind 
energy systems. 


5.1. Application of sustainability index 


The sustainability factor [12], which is directly related to the 
exergetic efficiency aims at supplying clean and affordable energy 
resources to be used. The efficient use of these resources is also of 


great importance. Sustainability index (SI), which has been recently 
used by some investigators [43,44], can be formulated to be [12]: 
1 


é=1-— 


I (18’) 


5.2. Utilizing the Lowex approach 


Energy consumption in the residential sector is one of the main 
parts of the total energy consumption in most countries. World- 
wide energy consumption by HVAC equipment in buildings ranges 
16-50% of total energy consumption, depending on the countries 
and their sectoral energy use patterns [44,45]. Trends in energy 
demand for heating and cooling could, therefore, be very impor- 
tant for the development of the energy system. Of course, the key 
issue is how to make buildings energetically sustainable? Exergy 
as a thermodynamic analysis tool can help achieve this objective. 
The low exergy (LowEx) approach is one of these approaches, which 
may be used in sustainable buildings design. This approach is based 
on a pre-design analysis tool, which has been produced during 
ongoing work for the International Energy Agency (IEA) formed 
within the Energy Conservation in Buildings and Community Sys- 
tems Programme (ECBCSP) Annex 37 to increase the understanding 
of exergy flows in buildings and to be able to find possibilities for 
further improvements in energy utilization in buildings. Its main 
objective is to constitute a sustainable built environment. Future 
buildings should be planned to use sustainable energy sources for 
HVAC applications. One characteristic of these energy sources is 
that only a relatively moderate temperature level can be reached, 
if reasonably efficient systems are desired [46]. 

Fig. 10 illustrates the energy flows in forms of primary and elec- 
tricity for a building from primary energy transformation through 
the heat production system and a distribution system to a heating 
system, and from there, via the indoor air, across the building enve- 
lope to the surrounding air [43,46]. The system may be investigated 
in terms of two parts, namely the building part and energy supply 
part. Primary energy source is taken as fosil fuels and renewable 
energy sources. 

The lowex approach has also been recently applied by some 
investigators to various renewable energy sources such as a heat 
pump heating system [47,48], a geothermal heating system [49]. 
The studies conducted up to date have not focused on the energy 
supply part, which is related to any kinds of wind energy systems. 


5.3. Application of various conventional and advanced 
exergoeconomic analysis methods 


Exergoeconomic (thermoeconomic) analysis, which is a com- 
bination of exergy and economics, is also very important for 
energy-related systems. Thermoeconomics is the branch of engi- 
neering that combines exergy analysis and economic principles 
to provide the system designer or operator with information not 
available through conventional energy analysis and economic eval- 
uations, but crucial to the design and operation of a cost-effective 
system. Thermoeconomics can be considered as exergy-aided 
cost minimization [50]. A complete exergoeconomic analysis con- 
sists of three subanalyses, namely (i) an exergetic analysis, (ii) 
an economic analysis, and (iii) an exergy costing that leads to 
the exergoeconomic evaluation. The exergetic analysis is suitable 
for identifying the sources of irreversibilities as exergy can be 
destroyed or lost,while energy is always conserved. The exergoe- 
conomic analysis is conducted with a system of balance equations, 
stated at the component level, and a general equation for the over- 
all system [51]. In addition, in an advanced exergetic analysis, the 
exergy destruction within each system component is split into its 
avoidable/unavoidable and endogenous/exogenous parts. Finally a 
combination of these two splitting approaches provides unambigu- 
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Reviewing and comparing exergetic analysis and assessment of wind energy-related systems [30,33,34,36-42]. 


Investigators 


Year published 


Type of investigation 


System characteristics 
considered 


Some exergetic 
assessments results and 
comments 


Wind Wind Developing 
exergy powered wind exergy 
system system maps 
Koroneos [38] 2003 WA Reporting the exergy losses In practice, the efficiency of 
in the different a wind turbine is about 40% 
components of a wind for quite high wind speeds. 
turbine (i.e., rotor, gearbox The rest of the energy 
and generator) density of the wind not 
obtainable is exergy loss 
Sahin et al. [34] 2006 WA First attempt in deriving The average differences 
the relations for the between energy and 
exergetic assessment of exergy efficiencies were 
wind energy systems approximately 40% at low 
wind speeds and up to 
approximately 55% at high 
wind speeds 
Ozgener and Ozgener [39] 2007 af: Performing exergy analysis Exergy efficiency value 
of a wind turbine system varied between 0 and 89%, 
(1.5 kW) based on actual while it was maximum at 
operational data 12 m/s with a temperature 
of 20°C 
Ahmedi and Ehyaei [40] 2009 J Investigating the exergy If a wind turbine would be 
analysis by considering the installed in Tehran (under 
physical, chemical and the reported speeds), the 
kinetic exergies through a annual average produced 
wind turbine power could increase by 
about 20%, while the 
entropy generation could 
decrease about 76.9% 
Xydis et al. [36] 2009 af. Investigating the wind The sites with lower 
potential of Central capacity factor had higher 
Peloponnese in Greece exergy efficiency values 
using exergy analysis 
method as well 
Pope et al. [33] 2010 aif Performing energy and A difference in energy and 
exergy analyses of four exergy efficiencies of 
different wind power between 50 and 53% was 
systems, including both predicted for the airfoil 
horizontal and vertical axis systems, whereas 44-55% 
wind turbines differences for the vertical 
axis wind turbines systems 
Baskut et al. [41] 2010 af: Investigating the effects of Exergy efficiency values 
meteorological variables, were in the range of 
such as air density, 23-27%, while 
pressure difference temperatures varied 
between state points, between 268.15-308.15 K 
humidity, and ambient with air densities of 
temperature on exergy 1.368-1.146 kg/m? 
efficiency of wind turbine 
plants 
Romero-Ternero et al. [42] 2005 ail Quantifying the exergy Exergy efficiency of the 
efficiency of a WPRO system was 10.2%, 
wind-powered seawater with the exergetic 
reverse osmosis system efficiencies of 28.6 and 
(WPRO) 35.7% for WP and RO 
subsystems, respectively 
Koroneos and Katopodi [37] 2011 VA Mapping and There was a two fold 
mathematically calculating change in exergetic 
the change of exergy due to efficiency along both paths 
losses at different points of 
a hydrogen and electricity 
production cycle using the 
data of Greece, specifically 
the island of Crete 
Sahin et al. [30] 2006 aff First attempt in developing Aerial differences between 


new spatio-temporal 
exergy maps 


energy and exergy 
efficiencies were 
approximately to 20-24% 
at low wind speeds and 
approximately to 10-15% 
at high wind speeds 


A. Hepbastli, Z. Alsuhaibani / Renewable and Sustainable Energy Reviews 15 (2011) 2810-2825 2823 


Heating 
System 


Indoor Air Envelope 


® 
® 
H 
a 
H 
H 
a, 
H 
H 
H 
® 
+t 


IN 


Primary Energy Heat Distribution 
Transformation Production System 
J 
g 
| | 
| | 
E 
| 
A^ 
v4 pi f \ F 
Primary A J) 
Energy Electricity 3 


Fig. 10. Energy flows from primary energy transformation to the environment [43,46]. 


ous and valuable detailed information with respect to options for 
improving the overall efficiency. The information obtained from the 
advanced analysis allows engineers to better understand the inter- 
connections among components and the potential for improving 
such systems [52]. 

As can be seen from the literature survey conducted here, only 
the EXCEM method as an exergoeconomic tool has been applied 
to wind energy systems. In the literature, there are also vari- 
ous types of exergoeconomic analysis methods. Among these, for 
example, the specific exergy cost (SPECO) method proposed by Laz- 
zaretto Tsatsaronis [53] has been recently applied by Yildiz et al. 
[54] to calculate exergy-related parameters of hydrogen produc- 
tion from plasma gasification of sewage sludge and display cost 
flows for all streams and components. Petrakopoulou [51] also per- 
formed exergoeconomic and exergoenvironmental analyses of a 
combined cycle power plant. In this regard, various conventional 
and advanced exergoeconomic analysis methods may be applied to 
wind energy-related systems. 


5.4. Wind classification based on exergy 


In 1986 the DOE complied a wind energy resource atlas of the US 
to indicate areas potentially suitable for wind energy projects [55]. 
Since then, another studies have been conducted on that issue. This 
atlas established wind resource maps for estimating the renewable 
resource in terms of wind power classes, ranging from Class 1 (the 
lowest) to Class 7 (the highest). Each class represents a range of 
mean wind speeds at specified heights above the ground. These 
maps are utilized as very useful tools in the analysis of siting criteria 
for a wind park [56]. 

Taking the wind exergy maps developed by Sahin et al. [30] or 
specific exergy index proposed by Lee [57] as a new parameter 
for classification of geothermal resources by exergy, a new spe- 
cific exergy index (SExI) may be investigated and developed for 
better classification and evaluation of wind exergy maps or wind 
energy-related systems. 


5.5. Performing an exergetic lifecycle assessment 


Given a satisfactory performance, there are three tools available 
to decision/policy mailers to evaluate the desirability of a specific 
product or technology. These tools are financial analysis, energy 
and exergy analyses. Financial analysis, based on cost of manufac- 
ture, installation, maintenance and operations, salvage, etc., and 
cost of energy, utilized/saved during the life of a product, enables 
the user to decide on adoption of product/technology. A corre- 
sponding energy analysis based on input energy (also as embodied 
energy) in manufacture, installation, maintenance and operations 
salvage (negative), etc., and energy output throughout the life of a 
product, enables the user to decide on desirability of product from 
point of view of energy security. These two analyses also provide a 
rational basis for steps, like subsidies, duty reduction, etc., for pro- 


moting the product/technology. In terms of global warming and 
the corresponding effects on the environment, an exergy analysis, 
as treated in this paper in more detail, indicates the desirability 
of the product/technology from the point of view of the environ- 
ment. To put it briefly, financial, economic and exergy analyses 
provide a rational basis for policy decisions, derived from consid- 
eration of finance, energy security and environment [58]. In the 
literature there are some studies considering exergetic life cycle 
analysis method. For example, Fiaschi and Lombardi [59] utilized 
this method to assess the performance of an integrated gasifier 
combined cycle power plant with integrated CO2-H2S removal. 
Vivek et al. [58] performed a life cycle cost analysis of a hybrid 
photovoltaic-thermal water and air collector based on energy and 
exergy. In this context, the performance of various wind energy- 
related systems may be evaluated and compared using exergetic 
life cycle assessment method. 


6. Conclusions 


Among renewable energy sources, wind energy is a free, clean, 
and renewable source of energy, which will never run out, is of a 
big importance. This study comprehensively reviewed the studies 
conducted on exergetic and exergoeconomic analyses and assess- 
ments of wind energy-related systems. Some concluding remarks, 
which can be extracted from this study, are listed as follows: 


(a) Exergy is a way to a sustainable development. In this regard, 
exergy analysis is a very useful tool, which can be success- 
fully used in the design and performance evaluation of wind 
energy as well as all energy-related systems. More generally, 
the exergy approach provides useful results for wind energy 
systems, while the tools included here could have widespread 
applications. 

(b) Exergoeconomic studies may provide some key information 
for the people working in the area for better design, analysis, 
performance improvement, and operation of the wind energy 
systems. 

(c) New energy and exergy efficiency maps of the wind energy gen- 
erating system were introduced in 2006 for the first time to 
provide a common basis for regional assessments and interpre- 
tations [30]. Since then, another study using this methodology 
has not yet appeared in the open literature. It was also reported 
that the relative differences between energy and exergy effi- 
ciencies were highest in winter and lowest in summer, while 
exergy efficiencies were lower than energy efficiencies for each 
station for every month considered. 

(d) A new exergy formulation for wind energy was developed in 
2006 for the first time to exergetically assess wind energy sys- 
tems by accounting for the thermodynamic quantities enthalpy 
and entropy [34]. 
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(e) Although various limited studies have been undertaken to per- 
form exergy analyses of wind energy systems, there was one 
study based on the investigators’ measurements obtained from 
a wind turbine system of 1.5 kW [39]. 

(f) The effects of meteorological variables, such as air density, pres- 
sure difference between state points, humidity, and ambient 
temperature on exergy efficiency of wind turbine power plants 
were investigated in 2010, while exergy efficiency values rang- 
ing from 23 to 27% have been reported [41]. 

(g) The exergy efficiencies of the reviewed wind energy systems 
ranged from 23 to 89% depending on the system considered 
and dead state temperatures. 

(h) The first comprehensive exergoeconomic analysis of a 1.5 kW 
wind turbine system through EXCEM was performed in 2009 
[31]. 

(i) Based on the current literature survey, most studies have 
focused on the energetic aspects of wind energy-related sys- 
tems, while application of the exergetic and exergonomic tools 
(including the conventional and advanced methods) reported 
here is very low in numbers. 

(j) Various novel studies on wind energy systems, such as 
wind classification based on exergy, performing exergetic and 
exergoeconomic lifecycle assessment, utilization of advanced 
exergetic and exergoeconomic analysis methods, may be rec- 
ommended for future works. 

(k) As a conclusion, the authors expect that the analyses and 
assessments reported here will provide the investigators with 
knowledge about how effective and efficient today’s state-of- 
the-art wind energy systems may be designed, operated and 
tested. 
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